A predominantly diffuse growth pattern and CD23 co-expression are uncommon findings in nodal follicular lymphoma and can create diagnostic challenges. A single case series in 2009 (Katzenberger et al) proposed a unique morphologic variant of nodal follicular lymphoma, characterized by a predominantly diffuse architecture, lack of the t(14;18) IGH/BCL2 translocation, presence of 1p36 deletion, frequent inguinal lymph node involvement, CD23 co-expression, and low clinical stage. Other studies on CD23+ follicular lymphoma, while associating inguinal location, have not specifically described this architecture. In addition, no follow-up studies have correlated the histopathologic and cytogenetic/molecular features of these cases, and they remain a diagnostic problem. We identified 11 cases of diffuse, CD23+ follicular lymphoma with histopathologic features similar to those described by Katzenberger et al. Along with pertinent clinical information, we detail their histopathology, IGH/BCL2 translocation status, lymphoma-associated chromosomal gains/losses, and assessment of mutations in 220 lymphoma-associated genes by massively parallel sequencing. All cases showed a diffuse growth pattern around well-to ill-defined residual germinal centers, uniform CD23 expression, mixed centrocytic/centroblastic cytology, and expression of at least one germinal center marker. Ten of 11 involved inguinal lymph nodes, 5 solely. By fluorescence in situ hybridization analysis, the vast majority lacked IGH/BCL2 translocation (9/11). Deletion of 1p36 was observed in five cases and included TNFRSF14. Of the six cases lacking 1p36 deletion, TNFRSF14 mutations were identified in three, highlighting the strong association of 1p36/ TNFRSF14 abnormalities with this follicular lymphoma variant. In addition, 9 of the 11 cases tested (82%) had STAT6 mutations and nuclear P-STAT6 expression was detectable in the mutated cases by immunohistochemistry. The proportion of STAT6 mutations is higher than recently reported in conventional follicular lymphoma (11%). These findings lend support for a clinicopathologic variant of t(14;18) negative nodal follicular lymphoma and suggests importance of the interleukin (IL)-4/JAK/STAT6 pathway in this variant.
A predominantly diffuse growth pattern and CD23 co-expression are uncommon findings in nodal follicular lymphoma and can create diagnostic challenges. A single case series in 2009 (Katzenberger et al) proposed a unique morphologic variant of nodal follicular lymphoma, characterized by a predominantly diffuse architecture, lack of the t(14;18) IGH/BCL2 translocation, presence of 1p36 deletion, frequent inguinal lymph node involvement, CD23 co-expression, and low clinical stage. Other studies on CD23+ follicular lymphoma, while associating inguinal location, have not specifically described this architecture. In addition, no follow-up studies have correlated the histopathologic and cytogenetic/molecular features of these cases, and they remain a diagnostic problem. We identified 11 cases of diffuse, CD23+ follicular lymphoma with histopathologic features similar to those described by Katzenberger et al. Along with pertinent clinical information, we detail their histopathology, IGH/BCL2 translocation status, lymphoma-associated chromosomal gains/losses, and assessment of mutations in 220 lymphoma-associated genes by massively parallel sequencing. All cases showed a diffuse growth pattern around well-to ill-defined residual germinal centers, uniform CD23 expression, mixed centrocytic/centroblastic cytology, and expression of at least one germinal center marker. Ten of 11 involved inguinal lymph nodes, 5 solely. By fluorescence in situ hybridization analysis, the vast majority lacked IGH/BCL2 translocation (9/11). Deletion of 1p36 was observed in five cases and included TNFRSF14. Of the six cases lacking 1p36 deletion, TNFRSF14 mutations were identified in three, highlighting the strong association of 1p36/ TNFRSF14 abnormalities with this follicular lymphoma variant. In addition, 9 of the 11 cases tested (82%) had STAT6 mutations and nuclear P-STAT6 expression was detectable in the mutated cases by immunohistochemistry. The proportion of STAT6 mutations is higher than recently reported in conventional follicular lymphoma (11%). These findings lend support for a clinicopathologic variant of t(14;18) negative nodal follicular lymphoma and suggests importance of the interleukin (IL)-4/JAK/STAT6 pathway in this variant. Modern Pathology (2016) 29, 570-581; doi:10.1038/modpathol.2016.51; published online 11 March 2016 Follicular lymphoma is a common subtype of non-Hodgkin lymphoma, particularly in the United States and Western Europe, accounting for about 20% of all lymphomas. 1 Most patients present with generalized lymphadenopathy and a prolonged clinical course. The prototypic histopathology is a proliferation of back-to-back lymphoid follicles, comprised of varying proportions of neoplastic centrocytes and centroblasts, and displaying an abnormal germinal center immunophenotype (CD10+, BCL6+, BCL2+). Most cases demonstrate cytogenetic evidence of the t(14;18)(q32;q21); BCL2/IGH translocation. Still, many variants of follicular lymphoma have been described that deviate from this prototype. These have been differentiated by anatomic location (eg, nodal, primary cutaneous, primary intestinal, or other extranodal), by patient age (eg, pediatric variant of follicular lymphoma) and/or by the presence or absence of the classic t(14;18) BCL2/IGH translocation. 2 Even among nodal follicular lymphoma, several uncommon histologic variants can be seen, including floral variant, follicular lymphoma with marginal zone differentiation, pediatric variant, and diffuse follicular lymphoma. 2 These subtypes are important to recognize because of their diagnostic and prognostic implications.
A unique morphologic variant of nodal follicular lymphoma was described in 2009 by Katzenberger and colleagues. 3 Distinguishing features of this variant included a mostly diffuse pattern of growth, frequent inguinal involvement, and CD23 co-expression. Importantly, 28 of 29 cases in the series lacked t(14;18), while 27 of 29 revealed a deletion in the terminal portion of the short arm of chromosome 1 [del(1p36)]. Although the diffuse growth pattern and lack of t(14;18) were unusual for follicular lymphoma, the presence of at least focal atypical follicles and an unequivocal germinal center phenotype (both CD10+ and BCL6+) were helpful features for classification as follicular lymphoma. In addition, gene expression analysis performed on a small subset of the cases showed a profile within the spectrum of typical follicular lymphoma, albeit clustering as a distinct group, further suggesting that these represent a variant of follicular lymphoma. Although 1p36 aberrations also occur in conventional follicular lymphoma, the authors concluded that 1p36 deletion in the context of absent t(14;18) may represent a unifying chromosomal aberration for this distinctive variant. The high proportion of cases with CD23 expression was also unusual for follicular lymphoma, although CD23 expression occasionally is observed in conventional follicular lymphoma and has previously been associated with inguinal involvement. 4, 5 Besides t(14;18) IGH/BCL2 rearrangement, other genomic abnormalities in conventional follicular lymphoma have become better elucidated in recent years by a variety of technologies. Follicular lymphoma is generally characterized by genomic gains of chromosomes 2 (and focally of 2p16-p15), 5, 7, 6p, 8 (8q24), 12 (12q12-q13), 17q, 18, 21, and X and losses on 6q (6q23-q24) and 17p. 6 Smaller regional losses are also frequently detected at 1p36 and 10q23-q25. 6 Several massively parallel sequencing studies have as well identified recurrent somatic mutations in follicular lymphoma, including KMT2D (MLL2), BCL2, CREBBP, EZH2, TNFRSF14, TP53, STAT6, EP300, PIM1, and CARD11. [7] [8] [9] [10] [11] As genetic/ molecular abnormalities become better defined, it is of biological and clinical interest to determine whether particular patterns of abnormalities are associated with specific histopathologic variants of follicular lymphoma and could potentially be incorporated in a clinical setting to assist in differential diagnosis.
Since the description by Katzenberger et al, no subsequent studies have confirmed the association of del(1p36) or detailed the histopathologic features, immunophenotypic patterns, or recurrent genetic/ molecular abnormalities of the diffuse inguinal follicular lymphoma variant. Such cases remain a diagnostic problem, with features overlapping marginal zone lymphoma, small lymphocytic lymphoma, large B-cell lymphomas, or rarely even reactive hyperplasias. Accordingly, in this study, we describe a series of unusual CD23+ diffuse nodal B-cell lymphomas with histologic features partially overlapping those described in the entity proposed by Katzenberger et al. Our aim was to further define the clinical, histopathologic, immunophenotypic, and genetic characteristics of this diffuse nodal follicular lymphoma variant, with a comprehensive assessment of associated chromosomal aberrations and molecular abnormalities.
Materials and methods

Case Selection and Clinical Features
We identified 11 cases (over a 5-year period) of diffuse CD23+ follicular lymphoma with unifying histologic features, morphologically overlapping with the diffuse follicular lymphoma variant proposed by Katzenberger et al. These were obtained from the pathology archives of Los Angeles County/ University of Southern California Medical Center and Keck Medical Center of USC. Cases that were CD10-negative were also included if all other features were compatible. Archived formalin-fixed paraffin-embedded tissue was available for all cases. Clinical information was obtained from patient chart review. This study was approved by the Institutional Review Board of the University of Southern California (HS10-260).
Immunohistochemistry
Immunohistochemical staining was performed on 4-μm tissue sections using the following antibodies: CD5 (clone 4C7), CD10 (clone 56C6), CD21 (clone 2G9), CD23 (clone 1B12), CD43 (clone MT1), BCL2 (clone bcl-2/100/D5), and BCL6 (clone LN22) from Leica Biosystems, Newcastle, UK; CD20 (clone L26) and Ki67 (clone MIB1) from Dako, Carpinteria, CA, USA; Cyclin D1 (clone SP4) and LMO2 (clone SP51) from Cell Marque, Rocklin, CA, USA; LEF1 (clone EPR2029Y), STAT6 (clone YE361), and phospho-STAT6 (clone phospho Y641) from Abcam, Cambridge, MA, USA. Immunostaining was performed on an automated Leica BOND III immunostainer (Leica Microsystems, Buffalo Grove, IL, USA).
Fluorescence In Situ Hybridization and Array Comparative Genomic Hybridization
Results of fluorescence in situ hybridization for t(14;18) IGH/BCL2 translocation were available for all 11 cases, either from review of the original pathology reports or, when not initially performed, fluorescence in situ hybridization was performed on 4-μm formalin-fixed paraffin-embedded tissue sections using Vysis LSI IGH/BCL2 dual color, dual fusion translocation probes (Abbott Molecular, Des Plaines, IL, USA).
Genomic DNA was extracted from five 10-micron formalin-fixed paraffin-embedded sections, following confirmation of greater than 70% tumor burden, and targeted array comparative genomic hybridization was performed essentially as previously described. 12 Briefly, if the bulk of the DNA was greater than 800 bp in size, heat fragmentation was performed until the bulk DNA was 400-800 bp. Similarly treated reference DNA (normal male: female genomic DNA, Promega, Madison, WI, USA) and the tumor DNA were differentially labeled and hybridized to a targeted oligonucleotide array representing genomic regions commonly altered in mature B-cell neoplasms (Agilent Technologies Inc., Santa Clara, CA, USA) as previously described. 12, 13 Data were extracted using Feature Extraction Version 10.7.3.1 (Agilent) and sites of gain/loss identified using the Rank segmentation algorithm within the Nexus Copy Number Analysis Software (Version 6.1, Biodiscovery Inc., Hawthorne, CA, USA) where an average log2 ratio change of ± 0.3 was considered acceptable for a minimum of eight consecutive probes. All gains/loss were visually confirmed by examining log ratio profiles and all genomic coordinates are given according to the NCBIbuild37/hg19 assembly.
Targeted Massively Parallel Sequencing and Analyses
The same genomic DNA (with the exception of FL4 and FL6 where DNA was from sections adjacent to those used for array comparative genomic hybridization) was subjected to massively parallel sequencing of the exons of 220 genes reported to be frequently mutated in mature B-cell neoplasms (Supplementary Methods). Briefly, 250 ng of genomic DNA was sheared to an average size of 180 bp and libraries were prepared using the Kapa Hyper Prep kit according to the manufacturer's protocol (Kapa Biosystems, Wilmington, MA, USA). Individual libraries were multiplexed and pooled to hybridize for 72 h with the targeted capture probes and, after washing and purification, were analyzed for size and quantity on a Bioanalyzer using the DNA1000 kit (Agilent Technologies). Pooled multiplexed libraries were sequenced on the Miseq Benchtop Sequencer (Illumina Inc., San Diego, CA, USA).
Somatic single nucleotide variant identification.
De-multiplexed paired sequencing reads were aligned using CLC Genomics Workbench version 2.1 (CLC bio, Waltham MA, USA). Across samples, the average read depth was 435 × (range 268 × -704 × ), where on average 96% of targets (range 90-98.9%) per sample had ≥ 95% of the target region with read depth of ≥ 100 × . Variant calling and annotation was performed using the same software (Supplementary Methods). Variant filtering was performed to remove common single nucleotide polymorphism variants (according to Non-flagged dbSNP, 1000 Genomes Project, and HapMap databases). Following further annotation using the Wannovar tool (http://wannovar.usc.edu), additional variants were filtered: common single nucleotide polymorphism variants in ExAC non-coding and synonymous variants, those occurring in homopolymer regions, those predicted by SIFT and PolyPhen2 to be benign and tolerated, respectively, or with a variant allele frequency of o 10%. Variants that passed these filter steps were considered potential somatic and functional variants and used for further downstream analyses.
Copy number variation identification. Genomic gain/loss information from sequencing data was estimated using the CNVkit software package (http:// github.com/etal/cnvkit). Read alignment for each sample was used to infer coverage across precomputed genome bins utilizing both targeted reads and nonspecifically captured off-target reads. Sequencing data derived for the same capture panel from eight Hapmap DNAs (NA21732, NA20845, NA20502, NA19672, NA18939, NA18524, NA18484, and HG03646) served as a pooled reference for normalization of read counts for each sample and correct for systemic biases (for example, the variance among binned read counts caused by such features as GC content, target density, and repetitive sequences). Segmentation of binned and normalized coverage values was achieved using circular binary segmentation within CNVkit. A log 2 ratio of ± 0.2 was considered acceptable for scoring gains/losses.
Results
Clinical, Morphologic, and Immunohistochemical Features
The clinical features of the patients with diffuse follicular lymphoma are given in Table 1 , where the age at diagnosis ranged from 35 to 89 (mean 56.7 years), without gender predilection. Ten of 11 patients showed inguinal lymph node involvement, either alone (5 cases) or in the presence of other adenopathy (5 cases). The initial diagnostic biopsies were available for review in 10 of the 11 patients (an initial inguinal lymphoma diagnosed 2 years earlier Modern Pathology (2016) 29, 570-581
Diffuse nodal variant of follicular lymphoma was not available for FL11). Six patients were low stage (I-II) at presentation, while 4 had high stage disease (III-IV), of the 10 with available clinical information. Bone marrow involvement included diffuse (case FL1), diffuse and paratrabecular (case FL4; notably a CD10-case with partial paratrabecular pattern), and a very rare paratrabecular focal lymphoid aggregate (o 5% cells), which was considered negative for clinical staging purposes (case FL9). Follicular Lymphoma International Prognostic Index 14 was high in three cases, intermediate in one, and low in six. Treatment ranged from RCHOP (rituximab plus cyclophosphamide, doxorubicin, vincristine, and prednisone) or similar chemoimmunotherapy (with or without maintenance rituximab) in five cases, excision alone in three cases, and radiation alone in two cases. Recurrence occurred in five cases at which time treatment was invariably rituximab-based chemotherapy (patient FL2 went on to receive autotransplantation). Time to progression (time from diagnosis to recurrence) ranged from 26 to 70 months (median 43). There was one death out of this cohort, a case characterized by advanced stage IV disease and recurrence after initial chemotherapy, but the median follow-up of survivors was 37 months. All patients achieved complete response after initial therapy.
Histologically, all 11 cases in the study displayed a predominantly diffuse proliferation of pleomorphic lymphocytes (diffuse areas confirmed as lacking CD21+ follicular dendritic cells). In spite of the diffuse growth pattern, residual lymphoid follicles with reactive-appearing germinal centers were also present in all cases; in some cases, they were histologically intact with preserved mantle zones (Figure 1a) , but in most patients, they were few, extremely ill-defined, partially colonized (Figure 1b) , and only recognized by immunohistochemistry (CD10+, BCL6+, BCL2-, CD21+, high Ki67; Figure  1c and d, Table 2 ). Neoplastic B cells diffusely surrounded the residual follicles and consisted of a mixed population of centrocytes and centroblasts in varying proportions ( Figure 2a) ; no significant plasmacytic or monocytoid differentiation was appreciable. The neoplastic B cells were uniformly CD20-positive ( Figure 2b ) and negative for CD5, CD43, Cyclin D1, and LEF1. Abundant small reactive T cells were admixed with neoplastic B cells (Figure 2c ). CD21 staining of follicular dendritic cell networks was limited to a few residual follicles, while the lymphoma was devoid of staining ( Figure 2d ). In contrast, CD23 co-expression by the lymphoma cells was strong and uniform in all cases (Figure 2e ). In 7/11 cases, the diffusely distributed lymphoma cells expressed both CD10 and BCL6 (Figure 2f and g ), consistent with follicle center phenotype. The few residual follicles were BCL2-negative and demonstrated a higher Ki67 proliferation index, whereas the diffuse lymphoma showed variable expression of BCL2 and a lower proliferation index (Figure 2h and i) . Whereas well-defined, N/A, not available. FLIPI, Follicular Lymphoma International Prognostic Index. 14 residual follicles had sharply demarcated BCL2-negative germinal centers, ill-defined and partially colonized residual follicles displayed more variable, but mostly negative, BCL2 staining. In the four CD10 − cases, distinction from marginal zone lymphoma was particularly difficult, but the cytological features and BCL6 and/or LMO2 expression were helpful for classification as follicular lymphoma, and the remaining hisopathologic features were quite similar to the CD10+ cases (Figures 3a-f ). Relative proportions of centrocytes/centroblasts (cytologic grade) did not correlate with immunophenotype, clinical stage, or rates of recurrence.
Structural Genomic Alterations
Consistent with the findings of Katzenberger et al, most cases of this diffuse follicular lymphoma variant lacked t(14;18) IGH/BCL2 translocation as assessed by fluorescence in situ hybridization (9 of 11 cases, Table 2 ). To examine genomic gain and loss, array comparative genomic hybridization was performed for all cases using a custom array designed to detect imbalance at chromosomal sites commonly altered in mature B-cell neoplasms. Nine of 11 cases exhibited whole or partial chromosome gains/losses (Table 2) . Genomic imbalance information was also inferred from the sequencing panel (using both on-and off-target reads). Gain/loss of the sex chromosomes was not assessed by either platform. Of the 34 total gains/losses detected across the specimens by array comparative genomic hybridization, 29 were also detected through sequencing, confirming the latter approach. In one case (FL7), genomic gain/loss was only detected by sequencing and not array comparative genomic hybridization. Variability between genomic imbalance detected by array comparative genomic hybridization and sequencing could potentially be 
Loss: 4q (partial) a Gains and losses detected by aCGH and MPS are underlined, all 1p36 losses detected by aCGH were also detected by MPS. b FL2 was initially CD10 − in diagnostic inguinal lymph node as well as on relapsed inguinal lymph node 3 years later; however, CD10+ FL was seen in a concurrent intraparotid lymph node at time of relapse; all three biopsies were diffusely CD23+.
+, Expression detected (immunohistochemistry), translocation present (FISH), 1p36 deletion present (aCGH), mutation present (MPS). − , No expression detected (immunohistochemistry), translocation absent (FISH), 1p36 deletion absent (aCGH), no mutation detected (MPS).
Modern Pathology (2016) 29, 570-581 accounted for by the differing sensitivity and regions represented between the two platforms. In all, 10 of 11 cases showed at least one chromosomal gain/loss. The studies of Katzenberger et al 3 indicated that their diffuse follicular lymphoma variant is frequently characterized by deletion of 1p36. In the current study, five cases showed 1p36 loss and another case a partial loss, but all included TNFRSF14, the suggested candidate gene for this deletion in follicular lymphoma. Two of these cases also had concurrent IGH/BCL2 translocation. Other recurrent alterations included gains of 2p in four cases (focal, including REL and BCL11A), 3q and 12q in three cases, and 1q, 6p, and 9q in two cases each, with losses of 4q detected in three cases, and of 11q, 16p, and 16q in two cases each. However, no cases exhibited gain of chromosome 18 (typically observed in about 30% of follicular lymphoma) and only one case had 6q loss (seen in 25% of follicular lymphoma). 6 
Targeted Mutation Profile of the Follicular Lymphoma Variant
Mutations (single nucleotide variants and small insertions/deletions) were detected in all specimens across 51 out of 220 genes sequenced as part of a panel specifically designed to assess mutations in genes with relevance in follicular lymphoma, diffuse large B-cell lymphoma, mantle cell lymphoma, and chronic lymphocytic leukemia (Figure 4) . Candidate mutations were considered only at frequencies of 10% and higher, and only those occurring in exons were considered. Of the 51 genes, only 8 exhibited recurrent mutations across the 11 cases. Multiple mutations were detected in BCL2 in cases FL2 and FL3 only, also the only two cases positive for t (14;18), consistent with BCL2 hypermutation reported in t(14;18)+ follicular lymphoma cases. 10 MEF2B and ETS1 mutations were detected in three and two cases each, where the former has been reported in follicular lymphoma but with low frequency. 7 Four cases had mutations in EZH2, at a Diffuse nodal variant of follicular lymphoma roughly comparable frequency with that found for follicular lymphoma, but mutations in KMT2D (six cases) were relatively underrepresented. 8, 15 Mutations were not detected in TP53, which is generally detected in about 15-25% of follicular lymphoma. 10 On the other hand, mutations in TNFRSF14 (five cases), CREBBP (seven cases), and STAT6 (nine cases) were enriched in this follicular lymphoma variant compared with that reported for conventional follicular lymphoma. 7, 10 For TNFRSF14, only two of the cases with 1p36 deletion also harbored mutation, one each of a frameshift deletion and nonsynonymous mutation. Two other cases with mutations were stopgain single nucleotide variants and the last was a nonsynonymous mutation reported in COSMIC. Overall then, nine cases of the follicular lymphoma variant had deletion and/or mutation of TNFRSF14. In conventional follicular lymphoma, STAT6 mutations have been reported in about 11% of cases, 16 but in this variant, 9 of 11 cases (480%) bore mutations. Across the nine cases, seven different single nucleotide variants were detected including two in each of two cases. Five cases of the nine exhibited mutations within codon 419 (Asp), a reported hot spot for mutation in follicular lymphoma. 16 Of the remaining four cases, three had variants previously observed in lymphoid neoplasms according to COSMIC (http://cancer. sanger.ac.uk/cosmic).
STAT6 and Phospho-STAT6 Immunohistochemistry
Given the high prevalence of STAT6 mutations detected in these cases, we tested whether nuclear Figure 3 (a-f): Pathologic features of diffuse follicular lymphoma variant, Case FL8 (CD10 negative). H&E stain (a) shows well-defined residual lymphoid follicles and a predominantly diffuse pattern of lymphoma (×40), similar to that seen in other cases. High power shows a mixture of centrocytes and centroblasts (a, inset, × 400). CD20 (b) shows uniform staining of the diffuse lymphoma as well as residual follicles (×40); CD23 (c) stains the diffuse lymphoma as well as follicular dendritic cell networks and mantle zones of residual follicles (×40). In contrast to the case shown in Figure 2 , CD10 (d) is negative in the lymphoma and only highlights residual germinal centers (×100). However, BCL6 (e, × 100 and inset × 400) and LMO2 stains (f, × 100 and inset × 400) show staining in the diffuse lymphoma, consistent with germinal center phenotype. (g-i) Phospho-STAT6 immunohistochemistry. Reactive lymph node shows very rare to mostly absent staining for P-STAT6 (g, × 400). Case FL2, negative for STAT6 mutation, shows less than 1% nuclear staining for P-STAT6 (h, × 400). In contrast, case FL7, positive for STAT6 mutation, shows about 20% nuclear staining for P-STAT6 (i, × 400).
STAT6 or phosphorylated STAT6 could be detected by immunohistochemistry, perhaps reflecting functional activation. STAT6 staining showed considerable cytoplasmic immunoreactivity, mostly obscuring any potential nuclear signal in reactive lymphoid tissue or lymphoma cases. Phospho-STAT6 immunohistochemistry was significantly easier to interpret, because P-STAT6 showed no cytoplasmic background staining. No significant phospho-STAT6 expression was detectable in reactive lymph node (Figure 3g ) or in case FL2 (negative for STAT6 mutation, less than 1% staining). In contrast, all eight cases with STAT6 mutation available for staining showed scattered nuclear positivity for phospho-STAT6 (10-20%, Figure 3i ).
Discussion
The distinctive clinical, morphologic, immunohistochemical, and genetic findings described in this study lend support for a variant of t(14;18) negative nodal follicular lymphoma and suggests the importance of the IL-4/JAK/STAT6 pathway in this variant. The two main unifying histopathologic features of this variant were: (i) a predominantly diffuse growth pattern of mixed centrocytic/centroblastic cells expressing CD20 and CD23 with co-expression of at least one germinal center marker (CD10, BCL6, and/or LMO2); and (ii) variably present residual, benign lymphoid follicles surrounded by the lymphoma which were usually ill-defined and only recognizable by immunohistochemistry (CD10+, BCL6+, BCL2 − , high Ki67) but occasionally well-defined with circumscribed germinal centers and intact mantle zones. Ancillary genetic analyses of these cases both for genomic structural variants and mutations revealed several defining genetic features compared with conventional follicular lymphoma. This follicular lymphoma variant was genetically characterized by a high incidence of mutation in STAT6 and CREBBP, and loss or mutation of TNFRSF14, and comparatively reduced frequency of KMT2D, BCL2 mutations, and t(14;18) IGH/BCL2 rearrangement, and lack of gain of 18q and mutation of TP53.
The histopathologic features of this follicular lymphoma variant deviated quite significantly from conventional follicular lymphoma. Indeed, several cases in this study were initially classified as nodal marginal zone lymphoma, low grade B-cell lymphoma not otherwise specified, or even diffuse large B-cell lymphoma. In particular, CD10-negative diffuse follicular lymphoma is difficult to separate from marginal zone lymphoma. In a brief reference to diffuse follicular lymphoma in the 2008 WHO classification, centrocytic/centroblastic morphology, with germinal center immunophenotype or presence of classical t(14;18) translocation, are required for diagnosis. 1 Even in the study by Katzenberger et al 3 on diffuse nodal follicular lymphoma, CD10 was reported as positive in all cases, at least in the follicular component of the tumors, and positive in 30/35 cases in the diffuse areas. It could be argued that a t(14;18)-negative B-cell lymphoma with diffuse growth pattern, surrounding benign residual follicles, and lacking CD10 expression should not truly be considered a follicular lymphoma variant but could instead represent marginal zone lymphoma with partial follicular colonization or partial involvement by conventional follicular lymphoma. However, the CD10-negative and CD10-positive CREBBP  KMT2D  TNFRSF14  EZH2  MEF2B  BCL2  ETS1  ACTB  ACTN1  APC  APC2  AQR  BRD4  CARD11  CD36  CSMD3  DUSP2  EBF1  ERBB3  FAT2  GRIN2A  HIST1H1B  HIST1H1C  HIST1H1E  IRF8  ITPR1  ITPR2  KDM6B  KDR  KMT2B  LRP1  LRP6  MTOR  NOTCH1  NOTCH2  PDGFRA  PIK3CD  PIM1  PLCB4  POU2AF1  PRDM1  ROBO2  S1PR2  SI  SLC30A4  SMARCA4  SOCS1  TENM4 TRAF2 XPO1 Figure 4 List of genes with mutations in the 11 follicular lymphoma variant cases, arranged in decreasing frequency and secondarily alphabetically. For each sample, a filled box represents a mutation. Evidence of hypermutation of BCL2 was found for the two cases with BCL2 mutation which also had t(14;18).
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Diffuse nodal variant of follicular lymphoma cases appear otherwise indistinguishable with very similar patterns (frequent involvement of inguinal sites, diffuse growth of centrocytes/centroblasts around residual well-defined or ill-defined/partially colonized follicles, CD23 expression, expression of at least one germinal center marker, and patterns of cytogenetic and molecular abnormalities). The paratrabecular involvement of bone marrow seen in two cases (one CD10+ and one CD10 − ) also supports follicular lymphoma. Finally, in one of our cases (case FL2), CD10 was negative in the diffuse inguinal lymphoma at diagnosis. Three years later at recurrence (same inguinal site), a concurrently biopsied intraparotid lymph node showed a CD10+ lymphoma. All three biopsies were diffusely CD23+ and this was a rare t(14;18) positive case. Unlike chronic lymphocytic leukemia/small lymphocytic lymphoma, where CD23 expression is a defining feature, CD23 expression in follicular lymphoma occurs, but is uncommon. In addition to the work of Katzenberger et al and our study, at least two other groups have reported that CD23 expression is more common in inguinal follicular lymphoma. 4, 5 These had histologic features similar to conventional follicular lymphoma, including follicular growth pattern, CD10 expression, and the presence of t(14;18). Thorns et al 4 reported a diffuse growth pattern in 22% of inguinal follicular lymphoma, but these were not increased relative to follicular lymphoma at other sites (27%) and there was no specific mention of CD23 in the diffuse cases. Notably, neither of these studies highlighted histologic variants similar to those reported by Katzenberger et al or in the current series. This may be due to the relative rarity of this subtype, even among CD23+ inguinal follicular lymphoma. It is also possible that the unusual pattern may have been interpreted as evidence of nodal marginal zone lymphoma in some of the cases. Interestingly, CD10 + marginal zone lymphoma has been described, curiously also involving inguinal nodes. 17 Whether this represents a clinicopathologic gray zone between diffuse follicular lymphoma as described here and marginal zone lymphoma remains to be determined. Re-evaluation of previous studies of CD23+ follicular lymphoma and nodal marginal zone lymphoma to determine whether cases compatible with this variant can be identified is warranted, and also to measure their relative proportions among non-Hodgkin lymphomas.
Between the series of defining cases presented by Katzenberger et al and those currently described, most features were comparable, but some differences were noted. Some of the differences may be attributable to slightly different inclusion criteria: we selected cases with diffuse growth pattern and CD23 expression, whereas the prior series selected only diffuse follicular lymphoma (defined as o 25% follicularity). Still, CD23 was positive in 77% of their cases (vs 100% in ours). The histologic patterns, as detailed above, were quite similar with predominantly diffuse growth and occasionally intermingled follicles. Whereas we emphasize the presence of benign follicles seen in all of our cases (ill-defined, occasionally well-defined), the nature of these follicles was not detailed in the prior study. Instead, 'atypical follicles' with increased CD10 and BCL6 and increased Ki67 were described for all cases. BCL2 expression in these follicles was reported as variable, ranging from entirely negative to moderately strong in most of the germinal center cells, although the frequency of strong BCL2 expression in the follicles was not reported. We suspect that the follicles with 'moderately strong BCL2 staining in most of the germinal center cells' may have represented ill-defined/colonized follicles, as seen in some of our cases. Accordingly, we favor at least the majority of the follicular structures in this variant to represent residual benign germinal centers. Additional similarities between the Katzenberger et al series and ours include involvement of the inguinal region (85% in Katzenberger et al vs 82% in the current study) and absence of t (14;18) translocation (97% vs 82%, respectively).
Although there is considerable overlap between the follicular lymphoma variant described by Katzenberger et al and this series, significant differences were also seen. We suggest that this variant can be broadened to include CD10-negative cases if other characteristics are present. Stage of disease in our series was also more heterogeneous, with 4/11 patients showing high stage. The response to treatment in this cohort was similar to what is reported for conventional follicular lymphoma with patients typically responding to initial chemotherapy but relapsing after 3 to 5 years. 18 Of note, 1p36 deletion (found in 93% of cases presented by Katzenberger et al and considered characteristic) was observed in five (45%) of our cases, at a similar frequency of occurrence seen in conventional follicular lymphoma. 19 This reduced incidence may challenge the notion that the previous and current series represent the same follicular lymphoma variant, although the possibility that it may be attributable to differences in analytical sensitivity of array comparative genomic hybridization and massively parallel sequencing for evaluation of genomic gain/loss compared with fluorescence in situ hybridization was considered. Importantly, we show that the 1p36 deletion in these cases included TNFRSF14, a recurrently involved region in conventional follicular lymphoma. [20] [21] [22] Moreover, in the six cases lacking detectable 1p36 deletion in our series, another three demonstrated mutations in TNFRSF14, confirming that 1p36/TNFRSF14 abnormalities, whether by deletion or mutation, are strongly correlated with this variant. These data suggest that a combined approach assessing for chromosomal loss at 1p36 and TNFRSF14 mutation analysis may be necessary to identify these cases.
In the current study, further molecular characterization of this follicular lymphoma variant was performed. This comprised the detection of other recurrent genomic structural aberrations including the loss of 4q34-q35, gain of 3p, 3q, and 12q, all of which can be seen in conventional follicular lymphoma, [23] [24] [25] [26] but are detected at higher frequencies in nodal marginal zone lymphomas. 27, 28 Gains of 2p (four cases with three as focal gains of REL, at higher frequency than observed in follicular lymphoma), 9q, and 11p were also recurrently observed. When examining the mutational profile of this CD23+ follicular lymphoma variant for genes frequently involved in mature B-cell neoplasms, it was evident that for most genes, mutation frequencies were comparable with those observed in conventional follicular lymphoma, but others were relatively underrepresented (KMT2D, TP53) or enriched (TNFRSF14, CREBBP, and STAT6). 7, 8, 10, 15, 16 Such a mutational profile could be useful in distinguishing such cases in a diagnostic setting. For instance, at least two of the three CD10 − cases, particularly difficult to separate from nodal marginal zone lymphoma, carried STAT6 mutations. According to COSMIC, the overall mutational profile of marginal zone lymphoma is quite distinct from follicular lymphoma where the former is enriched for mutations in NOTCH2, TNFAIP3, MYD88, TP53, and NOTCH1, with no reported STAT6 mutations. Of these five genes, only one case each showed a mutation in NOTCH2 or NOTCH1 (FL3 and 1, respectively), of which the former was CD10+ and the latter CD10 − but bore a STAT6 mutation. Presence of diffuse, uniform CD23 expression, in the context of bulky inguinal disease, centrocytic/ centroblastic morphology, and expression of at least one germinal center marker, may also assist in making this diagnosis. Recently, STAT6 mutations have been demonstrated in a minority of follicular lymphoma cases, 11-12% in follicular lymphoma and 23% in transformed follicular lymphoma, where it was unclear whether STAT6 mutation was associated with differing histologies or t(14;18) status. 10, [15] [16] Perhaps P-STAT6 immunohistochemistry could serve as surrogate for STAT6 mutation in this follicular lymphoma variant, although the specificity of this assertion requires a more comprehensive study. Of note, we stained 33 cases of conventional follicular lymphoma for P-STAT6 and CD23 and did not see an association between CD23 expression and nuclear P-STAT6 immunoreactivity, at least for conventional follicular lymphoma (unpublished data).
The high incidence of STAT6 mutations in this variant is striking. It has been proposed that IL-4 produced by follicular helper T cells in the tumor microenvironment binds to IL-4 receptors on lymphoma cells. IL-4 thereby activates Jak1 and Jak3 which leads to phosphorylation, dimerization, and translocation of STAT6 to the nucleus. 29, 30 STAT6 mutations in follicular lymphoma were reported to be mostly activating, with a hot spot at amino acid 419. 16 Herein, we demonstrate STAT6 mutations in the majority of the cases of this diffuse variant of nodal follicular lymphoma (80%), where five cases bore the aa419 hot spot mutation. This finding suggests a potential importance of the IL-4/ JAK/STAT6 pathway in this variant. Further studies are required to better understand the relevant targets of STAT6, which interestingly include CD23, 31 and the potential role of this pathway in the etiology of this variant. The broader role the microenvironment may have in these cases, given their unique architecture, should also be further evaluated. STAT6 abnormalities in this lymphoma variant may be of therapeutic relevance. STAT6 has been targeted in the setting of Hodgkin lymphoma via the histone deacetylase inhibitor, vorinostat. 32 This has been shown to inhibit STAT6 phosphorylation and was associated with a decrease in expression of chemokine Thymus and Activation-Regulated Chemokine and cytokine IL-5. Histone deacetylase inhibition is thought to exert antitumor effect via this immune regulation. Development of this therapeutic strategy is of particular value as it might provide a synergistic effect with conventional chemotherapy.
In summary, we characterize a series of diffuse nodal follicular lymphomas with distinctive histopathology and immunophenotype, frequently lacking IGH/BCL2 translocation and often involving the inguinal region. This variant demonstrates distinct patterns of genomic gain and loss and higher frequencies of TNFRSF14, CREBBP, and STAT6 mutations compared with conventional follicular lymphoma. Patients may present with low or high stage disease. These findings lend support for a clinicopathologic subtype of follicular lymphoma.
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